Transposon Tn5-mob, a Tn5 derivative containing the mobilization site of plasmid RP4, was introduced into Rhizobium leguminosarum strain 128C53 on the suicide vector pSup501 I . Transposon insertions into the plasmids of strain 128C53 were selected after mating the mutagenized population with a non-nodulating R. leguminosarum recipient. In this way, a tenfold enrichment was effected for plasmid-linked mutations. Transconjugants that had received mutagenized symbiotic plasmids were applied individually to the roots of pea seedlings and, after three weeks, the resulting nodules were screened for the absence of hydrogenase activity. Eight hydrogenase-deficient (Hup-) mutants of R. leguminosarum strain 128C53 were isolated. Physical and genetic analyses suggest that each Hup-mutant was due to a single insertion of Tn.5-mob into the symbiotic plasmid, pRL6JI. All mutations were suppressible by pHU 1, a cosmid clone carrying some of the hup genes of Rhizobium japonicum.
I NTRODUCTI O N
Uptake hydrogenase systems have been found in many nitrogen-fixing bacteria, both freeliving and symbiotic. Many possible beneficial roles have been suggested for these enzymes (for a review see Eisbrenner & Evans, 1983 ) yet they are not essential for bacterial growth under most conditions. In order to assess the role of hydrogenase in the Rhizobiumlplant symbiosis, mutants must be isolated and their effects on the symbiosis determined. In R. japonicum, hydrogenase mutants have been isolated by screening bacteria on agar for the inability either to reduce the dye methylene blue (Lepo et al., 1981) or to grow chemolithotrophically (Maier, 1981) , both of which activities require hydrogenase. In R. leguminosarum, such screening of bacteria is not possible since the hydrogenase appears to be expressed only in the nodule and not in the free-living state. Therefore, screening for hydrogenase mutants must be done on plants, where the bacteria differentiate to the nitrogen-fixing bacteroid forms.
The R. leguminosarum commercial inoculant strain 128C53 (Nitragin) has been shown to contain a plasmid, pRL6J1, which determines hydrogenase activity . This plasmid also determines nodulation, host range, and nitrogen fixation functions. However, pRL6JI is not self-transmissible, nor can it be mobilized efficiently by other plasmids. If it were transmissible, an enrichment procedure subsequent to a transposon mutagenesis (as described by Buchanan-Wollaston et al., 1980) could be employed to obtain mutagenized plasmids. As an alternative, the following mutagenesis scheme was devised to generate mutants of R. kguminosarum strain 128C53 that were deficient in hydrogenase. The procedure involves the introduction of 'Tn.5-mob', a Tn.5 derivative which carries the mobilization site of plasmid RP4 in the central, unique region of the transposon (Simon et al., 1983) . Simon et al. (1983) used this transposon to mobilize the megaplasmid of R. meliloti into Agrobacterium tumefbciens. When Tn5-mob inserts into a plasmid, it simultaneously renders that plasmid mobilizable by RP4, causes an insertion mutation, and confers kanamycin resistance on the host cell. Thus, by selecting for mobilizable kanamycin resistance in the mutagenized population, insertions in the plasmids are enriched preferentially to those in the chromosome, since mobilization of plasmids is much more efficient than that of the chromosome. This method has general applicability in the isolation of mutants of any non-transmissible, plasmid-borne gene. Brewin et a/. (1982) * Nod, nodulation genes; Fix, nitrogen fixation genes; Hup, uptake hydrogenase genes; Rhi, 24 kDal rhizosphere protein genes.
M E T H O D S
Bacterial strains, phage and plasmids are listed in Table I . Media and general growth conditions were ;is described by Beringer (1974) . Patch crosses were performed as described by Buchanan-Wollaston et a / . (1980) and filter crosses ;is described by Beringer rt ul. (1978) . Peas (cv. Wisconsin Perfection) were surface sterilized. inoculated and grown according to Beynon ct (11. (1980) . Antibiotics were obtained from Sigma and used at the following concentrations: kanamycin, 60 pg ml-' ; streptomycin. 200 pg mi-' ; tetracycline, 5 pg ml-' : rifampicin, 20 pg ml-I.
Bacteriophage lysates were prepared as described by Buchanan-Wollaston (1979) . They were treated with U V light to attenuate the phages, and then used in transductions.
Plasmid D N A from R. Ioguminosuruni was prepared and subjected to electrophoresis by the method of Hirsch r t ul. ( 1980) .
Immunochemical screening was performed on Rhizobium colonies that were blotted onto nitrocellulose, lysed in situ, and probed with an antibody to a rhizosphere protein (Dibb et a/., 1984). Cross-reacting material was detected by a second antibody that was conjugated to horse-radish peroxidase.
Hydrogenase activity was detected by whole nodule incorporation of tritiated hydrogen as described by Brewin ct ul. (1982) .
R E S U L T S

Introduction of' Tn5-mob into R. leguminosarum
In order to see whether Tn5-mob could be transferred into R. Ieguminosarum, and if so, whether it would cause the plasmids to be more highly mobilizable than the chromosome, we made the following bacterial matings. Rhizobium strain 3855 (a streptomycin-resistant derivative of 128C53) was mated on filters with E. coli strain S17-1 containing plasmid pSup5011 for 5 h at 28 "C. The plasmid pSup5011 carries Tn5-mob, and cannot replicate in Rhizobium. Transconjugants which had received Tn5-mob were selected on the basis of kanamycin resistance; they occurred at a frequency of per recipient. Two hundred and fifty individual kanamycin-resistant transconjugants resulting from the conjugation of strains S17-l/pSup5011 and 3855 were assayed for their ability to have their kanamycin resistance mobilized by a kanamycin-sensitive derivative of RP4, pJB3J1, in patch crosses. This was done by first introducing pJB3JI into the strains by conjugation from E. coli. Subsequently these transconjugant strains were used as donors in conjugations with a Nod-Rhizobium recipient (B157 or 6015); kanamycin-resistant transconjugants were scored. Only 24 (9.6%) of the donors containing Tn5-mob were mobilizable. Presumably, the other 226 donor strains had insertions of Tn5-mob in the chromosome and hence were mobilizable at a much lower frequency, undetectable in patch crosses. This showed that Tn5-mob functioned in R. Ieguminosarum, and suggested that enrichment for plasmid mutations was possible.
Enrichment bj! conjugation About 300000 colonies of strain 3855 which had received Tn5-mob were pooled. Plasmid pJB3JI was introduced as a mobilizing plasmid into this population, in a filter cross from E. coli, selecting for the acquisition of tetracycline resistance. Approximately 100000 different such strains (3855: :TnS-mob/pJB3JI) were pooled, grown up and used as donors in filter crosses with two different rifampicin-resistant, nodulation-deficient strains, B157 and 60 15. Rifampicinresistant, kanamycin-resistant colonies appeared at a frequency of 10-5-1 0-6 per recipient. These transconjugants were presumed to have a plasmid-borne insertion of Tn5-mob, and in all cases examined pJB3J I had been cotransferred.
Immunochemical screening
Since strain 3855 has at least two plasmids, pRL6JI and pRLl3J1, an attempt was made to identify those in which Tn5-mob was carried on plasmid pRL6JI. This was done by using an immunochemical procedure which recognizes a 24 kDal protein known to be coded by pRL6J1, and expressed in the free-living state (Dibb el al., 1984) . The recipient strains 6015 and B157 do not make this protein. One-half of the 250 strain 6015 recipients tested, and one-third of the 250 strain B157 recipients tested, were found to make this 24 kDal protein. To verify that the immunochemical procedure truly demonstrated the presence or absence of pRL6JI in the strains, DNA from eight of the B 157 recipients was prepared and visualized on agarose gels. The three strains which made the 24 kDal protein were the only ones to have acquired a plasmid of the size of pRL6JI (Fig. 1). (We do not know the frequency of cotransfer of pRL6JI with pRLl3J1, because no suitable recipient strain is available for this experiment.) 
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Plant tests f o r tritium incorporation
Each of the 21 2 strains containing pRL6JI was applied to the root system of two pea seedlings, and the resulting nodules were assayed for hydrogenase activity by tritium incorporation. (It is to be noted that plasmid pJB3JI interfered with normal nodule development, delaying the appearance of functional, nitrogen-fixing nodules by 4-1 1 d.) This delay was not dependent on the presence of Tn5-mob. Eight strains were found which were reproducibly deficient in this assay relative to the wild-type strain 3855. Each of these strains was proficient in nitrogen fixation. In addition, we noted five strains which appeared to be deficient in nitrogen fixation, although they retained wild-type hydrogenase.
Physical and genetic analysis of mutants
Plasmids of all the hydrogenase-deficient mutants were visualized on agarose gels. Each mutant strain contained a plasmid of the same size as pRL6JI; therefore they did not harbour gross deletions.
The generalized transducing phage RL38 was propagated on each of the mutants, and the phage lysates were used to transduce the wild-type strain 3855 to kanamycin resistance. Kanamycin-resistant transductants were inoculated onto pea roots; all of them induced nodules which were deficient in hydrogenase activity (Table 2) . Therefore, Tn5-mob is very closely linked to the hydrogenase genes. Eight of the transductants were also tested by patch crosses to see if the mobilization site was co-transduced with kanamycin resistance; in all cases it was.
Total DNA of each mutant strain was isolated, digested with the restriction enzyme BamHI (which cuts once within Tn5-mob), subjected to electrophoresis on an agarose gel, and probed for homology to Tn5. In seven out of eight cases, a unique pattern of hybridization was seen, suggesting that at least seven of the insertions were at different sites.
Suppression of hydrogenase mutations
Hydrogenase genes of Rhizobium japonicum were cloned into the cosmid vector pLAFRl by Cantrell et al . (1983) , and shown to suppress some R . japonicum hydrogenase-deficient mutants for methylene blue reduction on Petri plates, for chemolithotrophic growth, and for hydrogen uptake in soybean nodules. We introduced this cosmid clone, pHU1, into each of our mutant strains of R. leguminosarum by conjugation, using the mobilizing plasmid pRK2013. One transconjugant from each mutant was inoculated onto ten pea seedling root systems. Induced nodules were assayed by the tritium incorporation method. Whereas the cosmid clone pHUl did not cause hydrogenase activity in nodules induced by strains of R. leguminosarum which lack hydrogenase (3688 or B157/pRLlJI), it did cause hydrogenase activity in each of the eight Hup : : Tn5-mob mutants of Hup+ strain 3855 (Table 3) . Variability in tritium incorporation activity is believed to be due to the high degree of instability of the cosmid in the pea nodules, although we also find activity of strain 3855 very variable. The inability of cosmid pHUl to make strain 3688 Hup+ confirms results obtained with R. japonicum which suggest that the cosmid clone pHUl does not contain all of the genes necessary to convert a Hup-field isolate into a hydrogenase producer. This result also demonstrates that genes from a slow-growing species, R. japonicum, can be expressed in a fast-growing species, R. legurninosarum. All bacteria isolated from nodules in this experiment retained kanamycin resistance ; this suggests that the suppression of the mutant phenotype is not due to recombination.
DISCUSSION
Although found in both fast-and slow-growing rhizobia, hydrogenase systems seem to differ between the two groups in several ways. Hydrogenase activity is often found in isolates of slowgrowing rhizobia (such as cowpea and mungbean), less often in R. japonicum (soybean), and least often in fast-growing strains (R. leguminosarum, R. trifolii, R. phaseoli, R. meliloti). In addition to this variation in frequency of occurrence, there is also a difference in the activity of the hydrogenases within root nodules, hydrogenases of slow growers being up to 1000 times more active than those of fast growers (Ruiz-Argueso et al., 1979). The expression of hydrogenase in some slow growers can be induced in free-living bacteria under certain conditions of low oxygen and carbon supply (Maier et al., 1978) , whereas expression of hydrogenase in fast growers has only been demonstrated in nodules.
Much work, both genetic and biochemical, has been devoted to the hydrogenase of R. japonicum (see review by Eisbrenner & Evans, 1983). In contrast, very little is known about the hydrogenase from R. leguminosarum. Some hydrogenase genes from R. japonicum have been cloned (Cantrell et al., 1983) and they appear to span a region of at least 16 kb. Although the cloned genes can suppress most Hup-mutations of R. japonicum, they cannot confer hydrogenase activity on field isolates of R. japonicum which lack the enzyme. This suggests that the hydrogenase genes might comprise a fairly large cluster.
We have isolated eight hydrogenase-deficient mutants of R. leguminosarum, which are due to insertion of transposon Tn5-mob. In the same mutagenesis we isolated five mutants which were deficient in nitrogen fixation (Nod+ Fix-Hup+). In Klebsiella pneumoniae the nitrogen fixation genes are thought to number at least 18. Assuming that similar numbers of nitrogen fixation genes are required in Rhizobium as in Klebsiellu, we may expect the hup genes to be a fairly large set, since we obtained more Hup-mutants than Fix-mutants. N o mutants were recognized which gave reduced hydrogenase activity, but the extreme variability found in the tritium incorporation assay would have masked such a phenomenon.
All our Hup-mutants of R. leguminosurum were suppressible by cloned hup DNA from R . juponicuni. This suggests close homology or functional compatibility between the proteins of the two species, which is surprising in view of the differences discussed above. The different values for tritium incorporation obtained with 3855 (Table 2 ) and 3855/pHUl (Table 3) are not thought to be significant, since these experiments were done at different times with different batches of tritium. DeJonget ul. (1982) found that the R. leguminosurum Hup+ plasmid pIJ1008 (which is derived from pRL6J I) conferred improved symbiotic performance on strains which had received it. Although this plasmid contains many genes which could affect symbiotic performance (Brewin et ul., 1983) , one attractive possibility was that this benefit might be due to hydrogenase. In order to assess the importance of hydrogenase we undertook this study, in which we isolated eight Hup-mutants. Plants inoculated with these mutants will be compared to those inoculated with their wild-type parent, in order to assess the role of hydrogenase in the plant/bacterium symbiosis.
